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A relationship between exposure to maternal diabetes in utero and a younger age at diagnosis of
type 2 diabetes was detected in SEARCH for Diabetes in Youth Study, while no significant
association was detected with paternal diabetes status, suggesting an independent effect of the
intrauterine exposure to hyperglycemia. We assessed the influence of exposure to maternal
diabetes in utero on beta cell decline measured using fasting C-peptide (FCP) among 1079 youth
with diabetes, including 941 with type 1 and 138 with type 2, who were followed post-diagnosis
for an average of 58 months. No significant relationship was detected between exposure to
maternal diabetes in utero and change in FCP levels in youth with type 1 or type 2 diabetes. These
findings suggest that exposure to maternal diabetes in utero may not be an important determinant
of short-term beta-cell function decline in youth with type 1 or type 2 diabetes.
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Introduction

A relationship between exposure to maternal diabetes in utero and increased risk of type 2
diabetes in the offspring has been reported among diverse populations in the United States
(1-3) and Europe (4;5). Within the Pima Indian population, siblings born after their mother
had been diagnosed with type 2 or gestational diabetes mellitus (GDM) had a threefold risk
of developing type 2 diabetes than siblings born before the diagnosis (2). Results from the
SEARCH Case-Control Study indicate that non-Hispanic white, Hispanic and African
American youth with type 2 diabetes were 5.7 times more likely to have been exposed to
maternal diabetes in utero (mostly GDM) than controls (95%Cl: 2.4-13.4, p<0.0001) (6). A
study by Clausen et al. (4) of Caucasian young adults in Denmark found that more than 20%
of offspring born to mothers with GDM and 10% of offspring born to mothers with type 1
diabetes had type 2 or pre-diabetes by the age of 22, suggesting a predisposition that is
independent of maternal diabetes type. Moreover, the SEARCH study has reported that,
among youth with type 2 diabetes, exposure to maternal diabetes in utero was associated
with 1.68 year younger age at diagnosis (7) (p=0.018) while there was no significant
association with paternal diabetes status (p=0.853), suggesting an independent effect of the
intrauterine exposure to hyperglycemia that extends beyond shared genetic and
environmental factors. However, a relationship between age at diagnosis and in utero
exposure to maternal diabetes was not detected for youth with type 1 diabetes.

Animal studies have demonstrated hyperplasia and hyperactivity of pancreatic beta cells in
offspring of diabetic pregnancies (8-10). However, there are no epidemiologic data in
human populations exploring whether exposure to maternal diabetes in utero influences
beta-cell function at diagnosis and the subsequent rate of beta-cell function decline in
children with diabetes. We used data from the SEARCH for Diabetes in Youth Study to test
the hypothesis that exposure to maternal diabetes in utero will be associated with a faster
rate of decline in fasting C-peptide (FCP) levels after diabetes diagnosis among youth with
type 2, but not in those with type 1 diabetes.
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Data for these analyses come from the SEARCH for Diabetes in Youth prospective cohort
study. A detailed description of the SEARCH study methods has been published
elsewhere(11). Briefly, SEARCH has been conducting population-based ascertainment of
youth and young adults with newly diagnosed (incident) diabetes starting in 2002 and
continuing through the present. SEARCH recruited participants from four geographically
defined populations in Ohio, Colorado, South Carolina and Washington, as well as from
Indian Health Service beneficiaries of several American Indian populations, and enrollees in
several managed health care plans in California and Hawaii. Participants with newly
diagnosed diabetes from 2002 through 2005 were invited to participate in a baseline research
visit and follow up exams at approximately 12, 24, and 60 months after their baseline visit.
At each research visit fasting blood samples were obtained from metabolically stable
participants (defined as no episode of diabetic ketoacidosis during the previous month),
physical measurements were collected, and questionnaires were administered. The study
was reviewed and approved by the local Institutional Review Board(s) that had jurisdiction
over the local study population and all participants provided informed consent and/or assent.

Measurement

Study visits occurred after an eight hour overnight fast. Participants did not take diabetes
medicines the morning of the visit, and long-acting insulin was administered the evening
before the visit and then discontinued. For youth aged > 3 years, a brief physical
examination was conducted including measurement of weight and height using standardized
procedures and used to calculate body mass index (BMI [kg/m?]). Age- and sex-specific
BMI z-scores were calculated using growth charts with a SAS program available from the
Centers for Disease Control and Prevention (12). Waist circumference was measured using
NHANES 111 protocol(13). Race and ethnicity were self-reported using 2000 US Census
questions (14) and classified as Hispanic, non-Hispanic white (NHW), non-Hispanic black
(NHB), American Indian (Al), and Asian/Pacific Islander (API). For these analyses, race/
ethnicity was categorized as NHW and other than non-Hispanic white, including all other
racial/ethnic groups.

Fasting blood samples were used to analyze diabetes autoantibodies (DA), hemoglobin A1C
(A1C) and fasting C-peptide (FCP). Assays were performed at the Northwest Lipid
Metabolism and Diabetes Research Laboratories, University of Washington, the Central
Laboratory for SEARCH. Glutamic acid decarboxylase-65 (GADA) and insulinoma-
associated-2 (IA-2A) autoantibodies were analyzed using a standardized protocol and a
common serum calibrator developed by the National Institute of Diabetes and Digestive and
Kidney Diseases (NIDDK) sponsored standardization group (15). The cutoff values for
positivity were 33 NIDDKU/mI for GAD65 and 5 NIDDKU/mlI for 1A2 (15). For this report,
type 1 diabetes was defined as presence of a provider diagnosis of type 1 diabetes plus DA
positivity at the baseline visit (either GADA or 1A-2A), while type 2 diabetes was defined as
a provider diagnosis of type 2 diabetes and absence of DA positivity. A1C (%) was
measured in whole blood with an automated nonporous ion-exchange high-performance
liquid chromatography system (model G-7; Tosoh Bioscience, Montgomeryville,
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Pennsylvania). Levels of FCP were determined by a two-site immunoenzymetric assay
(Tosoh AIA, Tosoh Bioscience Inc., San Francisco, CA). The assay sensitivity is 0.05
ng/ml.

Presence of diabetes in the biological mother and the age of diagnosis were obtained by self-
report from the participant or their parent. Information on maternal diabetes type was not
collected. Study participants whose mothers had diabetes were classified based on the timing
of the mother’s diagnosis relative to the subject’s birth. Classification of exposure to
diabetes in utero among SEARCH study has been reported previously(7). Subjects whose
mothers had diabetes before their birth were classified as “exposed to in utero diabetes”.
Subjects whose mothers did not have diabetes or who were diagnosed after the birth of the
index child were classified as “unexposed”. Subjects who had missing data on mother’s
diabetes status or timing of diagnosis were excluded from this analysis.

Study Participants

The study population consisted of SEARCH participants with type 1 or type 2 diabetes who
were newly diagnosed from 2002 through 2005, had at least two longitudinal measurements
of FCP levels, and had complete questionnaire data to determine a history of in utero
exposure to diabetes. A total of 941 youth with type 1 and 138 youth with type 2 met these
requirements, for a total of 1079 participants. Subjects with incomplete or missing
questionnaire data to determine in utero diabetes exposure were excluded (N=198). Youth
whose diabetes type or DA status were missing, youth with type 1 diabetes who were DA
negative and youth with type 2 diabetes who were DA positive were also excluded (N=295).

Data Analysis

Comparisons of baseline participant characteristics, by in utero exposure to diabetes, were
performed using t-tests for continuous variables, and chi-square tests or Fisher’s exact test
for categorical variables, stratified by diabetes type. To explore differences in the short-term
rate of change in FCP levels by exposure to maternal diabetes in utero, mixed effects linear
models accounting for within subject correlation were used to model the rate of change in
FCP levels, stratified by diabetes type, and adjusted for sex, race/ethnicity (non-Hispanic
white vs. Other), age at diagnosis, clinic, parental education (<high school vs. = high
school), total household income (<$25,000 vs. =$25,000/year), BMI Z-score, and A1C. Due
to a skewed distribution of FCP levels, values were log-transformed for these analyses.
Predicted FCP rate of change was expressed as percent change in FCP level per month and
95% confidence interval. An interaction term between duration of disease and exposure to
maternal diabetes in utero was the main covariate of interest. A supplemental model
combined youth with type 1 and type 2 diabetes and tested a 3-way interaction between
diabetes type, exposure to maternal diabetes in utero, and duration of disease to determine if
the effect of exposure on change in log-transformed FCP over time was modified by
diabetes type. All analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC,
USA). Results were considered significant if p <0.05.
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Characteristics of study participants with type 2 and type 1 diabetes, according to exposure
to maternal diabetes in utero, appear in Table 1. Exposure to maternal diabetes in utero
occurred in 14.5% of youth with DA negative, type 2 diabetes and 1.8% of youth with DA
positive type 1 diabetes. As reported previously (7), youth with type 2 diabetes who were
exposed to maternal diabetes in utero had a younger age (years) at diagnosis (11.3 £ 2.1 vs.
13.7 £ 2.3, p<.0001) and, therefore, were younger (years) at the baseline visit (12.5 + 2.1 vs.
15.0 £ 2.3, p<.0001) than those not exposed. However, for both youth with type 2 and type 1
diabetes, other participant characteristics, including sex, race/ethnicity, parental level of
education, total household income, paternal history of diabetes status, were not significantly
different for those unexposed and exposed to maternal diabetes in utero. In addition,
participant characteristics at the baseline visit including FCP levels, BMI z-score, and A1C,
were not significantly different by exposure status for youth with type 2 or type 1 diabetes.

Table 2 shows the predicted FCP levels of SEARCH participants with type 2 and type 1
diabetes according to in utero exposure status from the type-stratified longitudinal linear
mixed model adjusted for age at diagnosis, sex, race/ethnicity, clinic, parental education,
household income, BMI z-score, and A1C. No significant differences were detected in
predicted FCP levels by in utero exposure to maternal diabetes among either youth with type
2 or type 1 diabetes. For youth with type 2 diabetes, model predicted FCP levels at 6-months
post diagnosis were 3.53 ng/ml (95%Cl: 3.04, 4.10) vs. 2.94 ng/ml (95%Cl: 2.30, 3.74) for
the unexposed and exposed, respectively. At 30 months post diagnosis, youth with type 2
diabetes had a model predicted FCP level of 3.18 ng/ml (95%CI: 2.74, 3.70) among the
unexposed and 2.65 ng/ml (95%CIl: 2.08, 3.38) among those exposed to maternal diabetes in
utero. Adjustment for the age at onset of diabetes in exposed youth did not have an
appreciable effect on estimates. For youth with type 1 diabetes, the predicted FCP levels at
6-month post diagnosis were 0.54 ng/ml (95%CIl: 0.48, 0.62) vs. 0.63 ng/ml (95%CI: 0.46,
0.86) for the unexposed and exposed, respectively. Youth with type 1 diabetes had an
appreciable decline at 30 months post-diagnosis, but the predicted FCP levels were similar
in unexposed [0.26 ng/ml (95%CI: 0.22, 0.29)] and exposed youth [0.29 ng/ml (95%ClI:
0.21, 0.41)].

Figure 1 shows the estimated decline in FCP levels over time among youth with type 2 and
type 1 diabetes by exposure to maternal diabetes in utero from the type-stratified
longitudinal linear mixed effect models. The estimated monthly rate of change in FCP levels
was —0.43% (95%Cl: —0.17, —0.69) among youth with type 2 and -3.11% (95%ClI: -3.00,
-3.21) among youth with type 1 diabetes. The rate of change in beta cell function was not
significantly different by exposure to maternal diabetes in utero for youth with type 2
(p=0.16) or type 1 diabetes (p=0.90). Overall, exposure to diabetes in utero was associated
with 17% lower FCP levels among youth with type 2 diabetes (95% CI: —34%,+6%) and
15% higher FCP levels for youth with type 1 diabetes (95% CI: —14%, +55%), although
these differences were not statistically significant (p=0.13 and p=0.35, respectively). Finally,
in the model combining youth with type 1 and type 2 diabetes, the effect of exposure to
maternal diabetes in utero on beta cell rate of change was not significantly modified by
youth diabetes type (p=0.41).
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Discussion

This study found no evidence that exposure to maternal diabetes in utero is associated with
the beta cell function soon after diagnosis or the decline in beta-cell function in the first few
years following diagnosis among youth with type 1 or type 2 diabetes. Although in this
sample of SEARCH cohort study participants in utero exposure to maternal diabetes was
associated with younger age at diagnosis with type 2 diabetes, confirming previous findings
in the larger SEARCH study (7), exposure to maternal diabetes was not a significant
predictor of beta cell function at baseline or short-term beta cell decline in these youth.

A limited number of studies have explored factors associated with beta cell decline in youth
with either type 2 or type 1 diabetes and, to our knowledge, none have specifically assessed
the effect of exposure to diabetes in utero on beta cell decline following diagnosis of
diabetes. Both animal and human studies suggest an adverse influence of maternal diabetes
on fetal beta-cell function which may contribute to development of type 2 diabetes(16-20).
In utero exposure to maternal diabetes in a streptozotocin (STZ)-induced rat model results in
changes to the morphology, number and size of offspring islets, with impaired insulin
secretion (16;17). At 15-weeks, isolated islets from rat offspring exposed to STZ-induced
maternal diabetes showed low insulin secretion in response to a high (16 mM) glucose
challenge, compared to control rats. Studies in humans are limited, but suggest that exposure
to maternal hyperglycemia in utero results in impaired insulin secretion (21), leading to
impaired glucose tolerance later in life (22;23). Among Pima Indian adults the acute insulin
response to infused glucose was 40% lower in individuals whose mothers had diabetes
during pregnancy than in those whose mothers developed diabetes after the birth of the
subject (22).

Although small studies have suggested that youth with type 2 diabetes have some degree of
beta-cell dysfunction at diagnosis (24;25), there are no large prospective studies of the
natural evolution and determinants of beta-cell function in youth with type 2 diabetes. The
situation is even more complex given the lack of a standardized definition of type 2 diabetes
in youth. A study of 66 children with provider-defined type 2 diabetes at the Children’s
Hospital of Philadelphia (26) found that FCP levels at diagnosis were significantly lower in
youth who presented in diabetic ketoacidosis (DKA)(1.08 ng/ml versus 3.04 ng/ml when
DKA was absent). Although the rate of decline in FCP levels was not assessed in this study,
the authors hypothesized an initial slow decline in the first years following diagnosis,
followed by a steeper one with longer duration. In contrast, among youth with autoimmune
diabetes, several clinical trial studies reported a 50% decline in the first year post-diagnosis
(27-30). Our data in a selected sample of SEARCH cohort study participants are consistent
with previous studies reporting a very slow progression of beta-cell dysfunction in youth
with antibody negative, type 2 diabetes (0.4% decline per month) and a steeper decline in
those with antibody positive type 1 diabetes (3.1% per month) during the first few years
following diabetes diagnosis.

We found that short-term decline in beta cell function was not significantly associated with
exposure to maternal diabetes in utero for youth with type 2 or type 1 diabetes. Our findings
suggest that the onset and progression of disease among youth with type 1 diabetes is little,
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if any, affected by exposure to maternal diabetes during the intrauterine life (in fact overall
FCP levels were somewhat higher in exposed youth). However, among youth with type 2
diabetes, the decline in beta cell function is likely to be more gradual (26) and, although we
did not find a significant association between exposure to diabetes in utero and rate of
change in FCP levels in the first few years post-diagnosis, a time when there is little beta-
cell loss, our study findings cannot rule out an impact on longer-term decline of beta cell
decline. Therefore, longer follow-up of youth with type 2 diabetes is needed to conclusively
address this issue.

Our study has several limitations including the use of FCP rather than stimulated C-peptide
to assess baseline and change in beta cell function over time. However, FCP has been
previously reported to correlate well with stimulated C-peptide (31-33). Exposure was
defined by self-report of maternal diabetes status and time of diagnosis. Self-report was
provided by parents for younger subjects and by the subjects themselves for those who are
older. It is possible that parents were more likely to accurately report the timing of maternal
diagnosis than the subjects themselves therefore leading to some misclassification among
older subjects. Since such misclassification is unlikely to be differential by offspring beta
cell function at follow up, it would result, if present, in a bias toward the null. An additional
limitation is the small sample of youth exposed to diabetes in utero (20 exposed with type 2
diabetes, 17 exposed with type 1 diabetes), so some of the non-significant associations,
particularly among youth with T2D, may have been the result of the small sample. However,
SEARCH is one of the largest studies of type 2 diabetes in youth conducted to date
including both assessment of both longitudinal change in FCP and in utero exposure to
maternal diabetes. Our study has other important strengths including the use of a well
characterized sample of youth with both type 1 and type 2 diabetes whose diabetes type was
carefully defined based on both provider assessment and measurement of DA at baseline
visit, and careful collection of exposure data.

This study suggests that exposure to maternal diabetes in utero is not significantly associated
with in the short-term post-diagnosis progression of beta-cell dysfunction in youth with type
1 or type 2 diabetes. Nevertheless, our results call for larger studies, as well as longer term
follow up of youth with type 2 diabetes, to conclusively assess the long-term effects of in
utero exposure on beta-cell function in this population.

Acknowledgments

The SEARCH for Diabetes in Youth Study is indebted to the many youth and their families, and their health care
providers, whose participation made this study possible.

The authors wish to acknowledge the involvement of General Clinical Research Centers (GCRC) at the South
Carolina Clinical & Translational Research (SCTR) Institute, at the Medical University of South Carolina (NIH/
NCRR Grant number UL1RR029882); Children’s Hospital and Regional Medical Center (Grant Number
MO1RR00037); Colorado Pediatric General Clinical Research Center (Grant Number M01 RR00069) and the
Barbara Davis Center at the University of Colorado at Denver (DERC NIH P30 DK57516); and the Institutional
Clinical and Translational Science Award (CTSA), NIH/NCRR at the University of Cincinnati (Grant Number
1UL1RR026314-01).

The contents of this paper are solely the responsibility of the authors and do not necessarily represent the official

position of the Centers for Disease Control and Prevention and the National Institute of Diabetes and Digestive and
Kidney Diseases.

J Pediatr Endocrinol Metab. Author manuscript; available in PMC 2014 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Crume et al.

Page 8

Grant Support: SEARCH for Diabetes in Youth is funded by the Centers for Disease Control and Prevention (PA
numbers 00097, DP-05-069, and DP-10-001) and supported by the National Institute of Diabetes and Digestive and
Kidney Diseases.

Abbreviations

FCP fasting C-peptide

NHW non-Hispanic white

NHB non-Hispanic Black

Al American Indian

API Asian/Pacific Islander

GDM gestational diabetes mellitus

DA diabetes autoantibody

GADA Glutamic acid decarboxylase-65 autoantibody
IA-2A insulinoma-associated-2 autoantibody

STZ streptozotocin

Reference L
1.

ist
Dabelea D, Mayer-Davis EJ, Lamichhane AP, D’Agostino RB Jr, Liese AD, Vehik KS, et al.

Association of intrauterine exposure to maternal diabetes and obesity with type 2 diabetes in youth:
the SEARCH Case-Control Study. Diabetes Care. 2008; 31(7):1422-6. [PubMed: 18375420]

. Dabelea D, Hanson RL, Lindsay RS, Pettitt DJ, Imperatore G, Gabir MM, et al. Intrauterine

exposure to diabetes conveys risks for type 2 diabetes and obesity: a study of discordant sibships.
Diabetes. 2000; 49(12):2208-11. [PubMed: 11118027]

. Silverman BL, Metzger BE, Cho NH, Loeb CA. Impaired glucose tolerance in adolescent offspring

of diabetic mothers. Relationship to fetal hyperinsulinism. Diabetes Care. 1995; 18(5):611-7.
[PubMed: 8585997]

. Clausen TD, Mathiesen ER, Hansen T, Pedersen O, Jensen DM, Lauenborg J, et al. High prevalence

of type 2 diabetes and pre-diabetes in adult offspring of women with gestational diabetes mellitus or
type 1 diabetes: the role of intrauterine hyperglycemia. Diabetes Care. 2008; 31(2):340-6.
[PubMed: 18000174]

. Sobngwi E, Boudou P, Mauvais-Jarvis F, Leblanc H, Velho G, Vexiau P, et al. Effect of a diabetic

environment in utero on predisposition to type 2 diabetes. Lancet. 2003; 361(9372):1861-5.
[PubMed: 12788573]

. Dabelea D, Mayer-Davis EJ, Lamichhane AP, D’Agostino RB Jr, Liese AD, Vehik KS, et al.

Association of intrauterine exposure to maternal diabetes and obesity with type 2 diabetes in youth:
the SEARCH Case-Control Study. Diabetes Care. 2008; 31(7):1422-6. [PubMed: 18375420]

. Pettitt DJ, Lawrence JM, Beyer J, Hillier TA, Liese AD, Mayer-Davis B, et al. Association between

maternal diabetes in utero and age at offspring’s diagnosis of type 2 diabetes. Diabetes Care. 2008;
31(11):2126-30. [PubMed: 18694977]

. Van Assche FA, Aerts L, Holemans K. Metabolic alterations in adulthood after intrauterine

development in mothers with mild diabetes. Diabetes. 1991; 40(Suppl 2):106-8. [PubMed:
1748238]

. Aerts L, Sodoyez-Goffaux F, Sodoyez JC, Malaisse WJ, Van Assche FA. The diabetic intrauterine

milieu has a long-lasting effect on insulin secretion by B cells and on insulin uptake by target
tissues. Am J Obstet Gynecol. 1988; 159(5):1287-92. [PubMed: 3056011]

J Pediatr Endocrinol Metab. Author manuscript; available in PMC 2014 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Crume et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Page 9

Aerts L, Van Assche FA. Ultrastructural evaluation of B-cell recruitment in virgin and pregnant
offspring of diabetic mothers. Diabetes Res Clin Pract. 1998; 41(1):9-14. [PubMed: 9768367]

SEARCH Study Group. SEARCH for Diabetes in Youth: a multicenter study of the prevalence,
incidence and classification of diabetes mellitus in youth. Control Clinical Trials. 2004; 25:458—
71.

Centers for Disease Control and Prevention (CDC). A SAS program for the CDC growth charts
[article online]. 2010. 2-12-2012

Fernandez JR, Redden DT, Pietrobelli A, Allison DB. Waist circumference percentiles in
nationally representative samples of African-American, European-American, and Mexican-
American children and adolescents. J Pediatr. 2004; 145(4):439-44. [PubMed: 15480363]

Ingram DD, Parker JD, Schenker N, Weed JA, Hamilton B, Arias E, et al. United States Census
2000 population with bridged race categories. Vital Health Stat 2. 2003; (135):1-55. [PubMed:
14556588]

Bonifacio E, Yu L, Williams AK, Eisenbarth GS, Bingley PJ, Marcovina SM, et al. Harmonization
of glutamic acid decarboxylase and islet antigen-2 autoantibody assays for national institute of
diabetes and digestive and kidney diseases consortia. J Clin Endocrinol Metab. 2010; 95(7):3360-
7. [PubMed: 20444913]

Aerts L, Van Assche FA. Animal evidence for the transgenerational development of diabetes
mellitus. Int J Biochem Cell Biol. 2006; 38(5-6):894-903. [PubMed: 16118061]

Han J, Xu J, Long YS, Epstein PN, Liu YQ. Rat maternal diabetes impairs pancreatic beta-cell
function in the offspring. Am J Physiol Endocrinol Metab. 2007; 293(1):E228-E236. [PubMed:
17389712]

Hultquist GT, Olding LB. Pancreatic-islet fibrosis in young infants of diabetic mothers. Lancet.
1975; 2(7943):1015-6. [PubMed: 53499]

Gautier JF, Wilson C, Weyer C, Mott D, Knowler WC, Cavaghan M, et al. Low acute insulin
secretory responses in adult offspring of people with early onset type 2 diabetes. Diabetes. 2001;
50(8):1828-33. [PubMed: 11473045]

Bush NC, Chandler-Laney PC, Rouse DJ, Granger WM, Oster RA, Gower BA. Higher maternal
gestational glucose concentration is associated with lower offspring insulin sensitivity and altered
beta-cell function. J Clin Endocrinol Metab. 2011; 96(5):E803-E809. [PubMed: 21346075]

Hultquist GT, Olding LB. Pancreatic-islet fibrosis in young infants of diabetic mothers. Lancet.
1975; 2(7943):1015-6. [PubMed: 53499]

Gautier JF, Wilson C, Weyer C, Mott D, Knowler WC, Cavaghan M, et al. Low acute insulin
secretory responses in adult offspring of people with early onset type 2 diabetes. Diabetes. 2001;
50(8):1828-33. [PubMed: 11473045]

Bush NC, Chandler-Laney PC, Rouse DJ, Granger WM, Oster RA, Gower BA. Higher maternal
gestational glucose concentration is associated with lower offspring insulin sensitivity and altered
beta-cell function. J Clin Endocrinol Metab. 2011; 96(5):E803-E809. [PubMed: 21346075]
Druet C, Tubiana-Rufi N, Chevenne D, Rigal O, Polak M, Levy-Marchal C. Characterization of
insulin secretion and resistance in type 2 diabetes of adolescents. J Clin Endocrinol Metab. 2006;
91(2):401-4. [PubMed: 16291705]

Elder DA, Prigeon RL, Wadwa RP, Dolan LM, D’Alessio DA. Beta-cell function, insulin
sensitivity, and glucose tolerance in obese diabetic and nondiabetic adolescents and young adults.
J Clin Endocrinol Metab. 2006; 91(1):185-91. [PubMed: 16263830]

Levitt Katz LE, Magge SN, Hernandez ML, Murphy KM, McKnight HM, Lipman T. Glycemic
control in youth with type 2 diabetes declines as early as two years after diagnosis. J Pediatr. 2011;
158(1):106-11. [PubMed: 20797726]

Brown RJ, Sinaii N, Rother KI. Too much glucagon, too little insulin: time course of pancreatic
islet dysfunction in new-onset type 1 diabetes. Diab care. 2008; 31(7):1403-4.

Herold KC, Gitelman SE, Masharani U, Hagopian W, Bisikirska B, Donaldson D, et al. A single
course of anti-CD3 monoclonal antibody hOKT3gammal(Ala-Ala) results in improvement in C-
peptide responses and clinical parameters for at least 2 years after onset of type 1 diabetes. diab.
2005; 54(6):1763-9.

J Pediatr Endocrinol Metab. Author manuscript; available in PMC 2014 June 27.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Crume et al.

29.

30.

31.

32.

33.

Page 10

Herold KC, Hagopian W, Auger JA, Poumian-Ruiz E, Taylor L, Donaldson D, et al. Anti-CD3
monoclonal antibody in new-onset type 1 diabetes mellitus. N Engl J Med. 2002; 346(22):1692-8.
[PubMed: 12037148]

Steele C, Hagopian WA, Gitelman S, Masharani U, Cavaghan M, Rother K, et al. Insulin
secretion in type 1 diabetes. diab. 2004; 53(2):426-33.

Raz I, Elias D, Avron A, Tamir M, Metzger M, Cohen IR. Beta-cell function in new-onset type 1
diabetes and immunomodulation with a heat-shock protein peptide (DiaPep277): a randomised,
double-blind, phase Il trial. Lancet. 2001; 358(9295):1749-53. [PubMed: 11734230]

Pozzilli P, Pitocco D, Visalli N, Cavallo MG, Buzzetti R, Crino A, et al. No effect of oral insulin
on residual beta-cell function in recent-onset type | diabetes (the IMDIAB VII). IMDIAB Group.
diabetol. 2000; 43(8):1000-4.

Chaillous L, Lefevre H, Thivolet C, Boitard C, Lahlou N, Atlan-Gepner C, et al. Oral insulin
administration and residual beta-cell function in recent-onset type 1 diabetes: a multicentre
randomised controlled trial. Diabete Insuline Orale group. Lancet. 2000; 356(9229):545-9.
[PubMed: 10950231]

J Pediatr Endocrinol Metab. Author manuscript; available in PMC 2014 June 27.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Crume et al. Page 11

a4
3.5 0_.I‘..‘-..l......‘........—..
3 _ - *essas
% 2.5 ] - — - -
= 5 Type 2: 1-month change in FCP=
= -0.43% (-0.17, -0.69)
§ 15
© Type 1: 1-month change in FCP=
1 -3.11% (-3.00, -3.21) =
0.5 = ==
0 - T T T T 1
6 12 18 24 30
Duration of DM (Months)
ExposedT1 - e UnexposedT1l
= e« Exposed T2 eeseeces UnexposedT2

Figure 1.
Overall FCP levels* according to exposure to maternal diabetes in utero in youth with type 2

and type 1 diabetes
*Type-stratified models adjusted for sex, race, age at diagnosis, clinic, parental education,
household income, in utero exposure to maternal diabetes, baseline BMI z-score, and A1C.
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Table 2

Fasting c-peptide levels” of SEARCH participants since the diagnosis of diabetes according to exposure to
maternal diabetes in utero
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Type2 Typel
FCP (ng/ml) 95% ClI FCP (ng/ml) 95% ClI
Unexposed Exposed Unexposed Exposed
6-months | 3.53(3.04,4.10) | 2.94(2.30,3.74) | 0.54 (0.48,0.62) | 0.63 (0.46, 0.86)
9-months 3.48 (3.00, 4.04) | 2.90(2.28,3.69) | 0.50(0.43,0.57) | 0.57 (0.41,0.79)
30-months | 3.18 (2.74, 3.70) | 2.65 (2.08,3.38) | 0.26 (0.22,0.29) | 0.29 (0.21, 0.41)

*
LSmeans adjusted for sex, race, age at diagnosis, clinic, parental education, household income, baseline BMI z-score, and A1C
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